The electrons flowing in a coaxial magnetically insulated transmission line (MITL), if allowed to flow uncontrolled into a radiographic electron diode load, can have an adverse impact on the performance of the system. Total radiation dose, impedance lifetime, and spot quality (size, shape, position, and stability) can all be affected. Current approaches to deal with this problem require a large volume in the vicinity of the electron diode load. For applications where this volume is not available, an alternate method of controlling the feed electrons is needed. In this paper, we will investigate various ideas for dealing with this issue and present results showing the properties of the various schemes investigated.
I. INTRODUCTION
The Radiographic Integrated Test Stand (RITS) at Sandia National Laboratories is used for research and development of advanced radiographic sources. In its current form (RITS-6), it consists of 6 pulse-forming lines (PFL) feeding six induction cavities which are joined in series by a 51 Ω vacuum impedance MITL. This system can deliver 7-11 MV at 150-200 kA in a 75-ns pulse.
The electrons flowing in the coaxial MITL, if allowed to flow uncontrolled into the radiographic electron diode load, can have an adverse impact on the performance of the system. Total radiation dose, impedance lifetime, and spot quality (size, shape, position, and stability) can be all affected [1] . One common approach to keeping such feed electrons out of the diode region involves greatly increasing the radius of the MITL's outer (anode) electrode near the diode and adding a large, rounded field shaper to the load end of the inner cathode conductor, forcing these electrons to be lost to the to the anode outside the diode itself [2] . This configuration (see Fig. 1 ) is referred to as the "knob and dustbin". While this approach can be quite successful, there is an inductance penalty that reduces the current that can be delivered to the load and it requires a large volume in the vicinity of the load. For applications where this volume is not available, an alternate method of controlling the feed electrons is needed.
In this paper, we will discuss various ideas for dealing with this issue using magnetic fields. We consider the effect of a solenoidal magnetic field at or near the end of the MITL on the electron flow. Such fields have been successfully used in other devices, such as ion diodes [3] and plasma opening switches [4] , to control the flow of electrons. These fields could be produced using the MITL current directly by adding one or more field coils in series with the MITL circuit, or through coils that are pulsed using a separate power supply, possibly on a longer timescale.
We will present results showing the properties of the various schemes investigated, and compare their relative merits. 
II. Using magnetic field to control feed electrons
The magnetic field produced by azimuthally-wrapped coils can have a significant effect on electrons in MITL systems. Electrons are affected in two basic ways: first, field lines connecting feed electrodes can carry electrons to the anode, and second, electrons crossing net magnetic flux are constrained outside some minimum radius.
If an electron's energy and canonical angular momentum are conserved, ( ) 
where Ψ(r) = rA θ (r) is the magnetic stream function, Φ is the scalar potential (Φ c = 0), and ΔΨ = Ψ(r c ) -Ψ(r a ). β = v/c is the electron's normalized velocity, γ is the beam's relativistic factor, and r c and r a are the electron's cathode emission and anode loss locations, respectively. Since the β 2 terms in (1) are always positive, a minimum electron radius can be obtained:
A. Magnetic Field Coils in Series with MITL
One of the two common ways to add a magnetic field to a pulsed-power device is to include a coil in series with the MITL circuit so that it is energized by the current carried by the MITL. Fig. 2 shows such a coil from a triggered plasma opening switch. The helical winding in the outer conductor of the coaxial MITL generates a solenoidal field. Also note that a purely axial winding on the inner conductor allows flux from the solenoidal field to penetrate through the inner conductor.
To explore using such a coil in a low-volume RITS front-end, we considered a geometry in which the MITL inner and outer radii, 8 cm and 19 cm, respectively (shown at far left in Fig. 1 ), continued uniformly all the way to the diode. The magnetic field was computed using the Atheta code [5] , placing coils at the cathode radius within a few centimeters of the end of the cathode stalk. Flux was allowed to penetrate 2 cm radially inward at the end of the cathode stalk, corresponding to radial coil vanes in a field coil. Using this field, the Quicksilver electromagnetic particle-in-cell code [5] was used to examine electron flow behavior. The simulation was driven with the input waveform of RITS-6, and operated at ~6 MV and 160 kA. To properly model the details of the diode, ions must be emitted from the anode surface (face) immediately opposite the cathode tip. However, since we are only interested in the behavior of the MITL electrons, we here neglect ions, and instead slightly adjust the anode-cathode gap to reproduce the actual operating impedance of the diode, nominally 40 Ω. Fig. 3 shows this geometry with superimposed magnetic stream lines and snapshot of electron locations at peak power. In order to provide enough flux to keep most of the feed electrons out of the diode region (see Eq. 2), the coil required 120 kA-turns of azimuthal drive current. To achieve this with the available MITL current (160 kA) would require that the vanes of the coil each wrap 1.5π radians. Such a high wrap factor would introduce challenges in designing a coil with adequate mechanical strength.
B. Externally-Driven Magnetic Field Coils 1) Cathode Coils
The geometry shown in Fig. 3 can be modified by inserting an externally-pulsed, 12-turn coil in a toroidalshaped housing, made of a lossy conductor such as stainless steel, as shown in Fig. 4 . With this magnetostatic solution, we have effectively assumed the field has entirely diffused through the lossy housing, but has not penetrated the other conductors (e.g., aluminum). This coil has an inductance of 8.1 μH. Using (2), we can select a drive current for the coil such that ΔΨ over a large fraction of the coil housing surface will exclude 6 MeV electrons from the interior of the diode (r < ~5 cm). For this coil, the current needed is 10-15 kA. A Quicksilver simulation was performed using this geometry and magnetic field, whose amplitude was adjusted consistent with a 12.5 kA coil current. Fig. 5 shows a snapshot of the location of electrons emitted from the MITL feed (feed electrons) at a time when the diode voltage and current are near maximum. Note that electrons emitted from the cathode tip (diode electrons) and electrons emitted from the curved surface of the coil housing (face electrons) are not shown. Fig. 6 shows the diode voltage V d and various current measurements: I d , which measures all electron current striking the anode face (shown in red in Fig. 5) , I c , which measures the current emitted from the cathode tip, and I feed and I face , which measure the portion of I d due to feed and face electrons, respectively. Our goal is to minimize these last two currents. The locations of I d and I c are indicated in Fig. 5 . With this magnetic field amplitude, all feed electrons are kept out of the diode region below ~3.5 MV; at higher voltage, the electrons emitted upstream of the coil are lost to the anode face. Only a small fraction of the face electrons are lost to the anode face due to their nonzero canonical angular momentum.
If we increase the coil current, the performance can be improved. Figs. 7 and 8 show results of a simulation using a 30 kA coil current. With the increased magnetic field, all feed electrons stay out of the diode region below ~5.2 MV, and the feed current to the anode face is down by more than an order of magnitude. However, there has been a decrease in diode current (~30 kA) and voltage (~0.5 MV), due to increased electron loss in the feed which causes the accelerator to see a somewhat lower impedance. For the intermediate case of a 20 kA coil drive, it was found that (compared to the 12.5 kA case) feed electrons remain out of the diode region below ~4.5 MV, feed current is down by a factor of ~3, and the diode current and voltage are reduced by ~20 kA and ~0.25 MV, respectively. To obtain a crude estimate of the requirements of the external circuit needed to drive this 12-turn coil, we can neglect losses and stray external inductance. With this approximation, we find that a ~200 μF capacitor bank will produce a current pulse that peaks 60 μs after the bank is switched. To obtain a 30 kA peak current, a charging voltage of ~7 kV is needed, corresponding to ~5 kJ initial stored energy.
With the coil configuration we have chosen (see Fig. 4 ), the anode excludes all flux and consequently the magnetic field lines do not penetrate the anode. It is reasonable to ask whether this is a limiting factor on performance. To test this, several simulations were performed in which a lossy conductor, called an "electron catcher," was inserted on the inner surface of the anode with an inner radius of 15 cm and axial length of 30 cm, as shown in Fig. 9 . Also shown in Fig. 9 are the locations of feed electrons for one of those simulations, which used a driving coil current of 16 kA, at a time when diode voltage and current are near maximum. Fig. 10 shows diode voltage and various currents, similar to Figs. 6 and 8, for this same simulation. Essentially all feed and face electrons striking the anode face have been eliminated. However, diode voltage and current have been reduced to ~4.5 MV and ~120 kA, respectively. This is because the insertion of the electron catcher has reduced the self-limited impedance of the MITL, resulting in larger feed losses, which consequently load down the operating voltage. For this coil current (16 kA), an estimate of the voltage and energy requirements of the external coil circuit, using the same approximations, are reduced to ~3.5 kV and ~1.25 kJ. Another approach that allows magnetic field to penetrate the anode would be to replace some extent of the existing aluminum anode with a lossy insert, or alternately a series field coil with a modest wrap factor (say 1 radian) which could provide ~ 30 kA-turns. Both these approaches would somewhat increase the radius of the system. Both of these approaches were tested, with results in all cases indicating that they produce no significant difference in performance. This leads us to the conclusion that field penetration of the anode does not have a large effect, and the performance of the "electron catcher" described previously is dominated primarily by its reduction of the MITL self-limited impedance.
2) Anode Coils
We now modify the geometry shown in Fig. 4 by removing the cathode coil (but keeping the toroidalshaped cathode face) and inserting an externally-pulsed 22-turn coil, enclosed in a lossy-conductor housing, into the anode, as shown in Fig. 11 . Note that the addition of an anode coil necessarily increases the radius of the overall system. However it is still significantly less than that of the knob-dustbin (Fig. 1) currently used on RITS. The magnetic field shown in Fig. 11 is obtained using Atheta, again with all the assumptions associated with a magnetostatic solution. Note that we have assumed that this externally-applied field penetrates into some portion of the cathode face structure. This would require that this portion of the cathode be made of a lossy conductor or that it be axially slotted or fluted. This coil has an inductance of 170 μH. Using (2), we can select a drive current for the coil such that electrons emitted over a large fraction of the toroidal surface will exclude 6 MeV electrons from the interior of the diode (r < ~5cm). For this coil, the current needed is 15-25 kA.
Using this geometry, a Quicksilver run with an applied field corresponding to a 15 kA coil current was performed. Fig. 12 shows a snapshot in time of simulation electrons emitted from both the MITL feed and the toroidal cathode face. Fig. 13 shows the corresponding voltage and current waveforms. All of the feed electrons are lost outside the diode region over the entire pulse duration. Some of the face-emitted electrons are lost to the anode face. These electrons are emitted at small radius, where they cross insufficient flux to exclude them from the diode region.
Several more simulations have been performed using this geometry, but with increasing current drive of the coil. At 30 kA, essentially no feed or face electrons reach the anode face over the entire extent of the pulse. However, at this current, and neglecting losses, the energy of the bank driving the coil would need to be ~75 kJ, so actual requirements can be expected to be well over 100 kJ. In addition, to avoid unwanted flux penetration into the aluminum parts of the system (e.g., the cathode tip), the bank capacitance will need to be fairly small, resulting in a very large required charge voltage.
For our simulations, it has been assumed that the cathode face is fabricated and prepared in the same way as the existing knob (see Fig. 1 ), where electric-field breakdown thresholds as high as 650 kV/cm have been observed [6] . A commonly-used, conservative estimate for this value is 550 kV/cm, which we have used our simulations. If the results of these simulations are examined closely, it is observed that the emission of electrons from the cathode face is actually quite spotty, as can be seen in Fig. 12 . In fact, the only locations on the cathode surface that exceed the breakdown threshold are at the small corners that are the inevitable result of fitting a smooth curved surface to a rectilinear grid. At such corners, the electric field is unphysically enhanced due to well-known edge effects. Fig. 14 shows an outline (in black) of the grid-based fit to the cathode face surface, where the corners are clearly visible. It also shows |E| at a time that is representative of peak field strength. Except at the unphysical corners, the field does not exceed the breakdown threshold below some minimum radius (7.3 cm). Consequently, limiting emission on this portion of the cathode face is justified. To test this, simulations were repeated with emission disabled at positions on the cathode face less than 7.3 cm radius. Figs. 15 and 16 show results using a 13 kA coil current. Unwanted feed and face electron loss to the anode face is negligible over the entire pulse. Also notice that the penalty in diode voltage and current due to excessive loading of the accelerator is significantly less than that for the cathode coil with "electron catcher" configuration (see Fig. 10 ).
Again assuming a lossless approximation for the bank requirements to drive this 13 kA anode coil, the required energy is ~15 kJ. There is a tradeoff between the charge voltage and the time to peak current. Table 1 shows some representative values. 
C. Tradeoffs of Various Magnetic Control Systems
Azimuthal coils driven in series with the MITL current can provide magnetic fields without the complication of separate drive circuitry, and without the need for lossy conductors, such as stainless steel, which present issues when at cathode potential due to potential proton activation. However, mechanical issues can be quite significant, particularly with the large winding wrap factors needed for this application.
On the other hand, externally-driven field coils can be pulsed on longer timescales, allowing the magnetic field to penetrate lossy conductors. This allows the tailoring of conductors to precisely shape the field. External coils can be fielded in either the cathode or anode (or even both). We have shown that anode coils require significantly larger energies (by about an order of magnitude) than cathode coils to achieve comparable control of electrons. They also will require more volume since they are positioned outside the MITL anode radius. However, the external circuit connection for a cathode coil must be routed through the accelerator's cathode stalk, introducing more loss and stray inductance as well as significant design complications. The solutions explored in this paper all require that magnetic flux penetrate the cathode. Whereas this requires some portion of the cathode be a lossy conductor for cathode coil systems, with all the attendant activation issues, an anode coil system could also achieve the required flux penetration using an axially-fluted design.
III. SUMMARY
We have investigated several ideas for controlling the flow of MITL feed electrons in a low-volume front end for the RITS-6 accelerator. By using magnetic fields, these electrons can be kept from striking the anode face of the diode, where they would cause an unwanted increase in the anode spot size of the diode's electron beam. This has been a feasibility study (in contrast to a full engineering design) and consequently much more detailed analysis would be required to bring any of these ideas to fruition. However, some basic findings can be summarized:
• Flux requirements at the voltages of interest are probably too high to use field coils in series with the MITL. Coil windings would require nearly a full turn wrap, presenting significant challenges in engineering a sound mechanical design.
• We have demonstrated that fields applied externally on a longer time scale provide effective solutions and seem to be quite feasible.
• Although cathode coil systems require substantially less energy to drive than anode coil systems, they present other difficulties, including more complicated drive circuitry and proton activation issues. Activation problems might be mitigated with judicious selection of coil housing materials.
